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Alu elementsa high rate at CpG dinucleotides due to the frequent methylation of CpG and the
deamination of methylated cytosine to thymine. If these substitutions occur in germ cells, they constitute a
heritable mutation that may eventually rise to polymorphic frequencies, hence resulting in a SNP that is
methylation associated. In this study, we sought to identify clusters of methylation associated SNPs as a basis
for prediction of methylation landscapes of germ cell genomes. Genomic regions enriched with methylation
associated SNPs, namely “methylation associated SNP clusters”, were identiﬁed with an agglomerative
hierarchical clustering algorithm. Repetitive elements, segmental duplications, and syntenic tandem DNA
repeats were enriched in methylation associated SNP clusters. The frequency of methylation associated SNPs
in Alu Y/S elements exhibited a gradient pattern suggestive of linear spreading, being higher in proximity to
methylation associated SNP clusters and lower closer to CpG islands. Interestingly, methylation associated
SNP clusters were over-represented near the transcriptional initiation sites of immune response genes. We
propose a de novo DNA methylation model during germ cell development whereby a pattern is established
by long-range chromatic interactions through syntenic repeats combined with regional methylation
spreading from methylation associated SNP clusters.
© 2009 Elsevier Inc. All rights reserved.IntroductionDNA methylation is an epigenetic modiﬁcation involved in many
biological processes, including development, aging, and tumorigen-
esis. It is a dynamic process during development consisting of at least
two genome reprogramming phases: ﬁrst during gametogenesis and
subsequently at preimplantation [1]. Considering the data generated
from mouse models, the paternal genome is actively demethylated
prior to DNA replication after fertilizationwhile the maternal genome
is passively demethylated with cleavage divisions [2,3]. De novo DNA
methylation occurs prior to implantation, to establish the tissue
speciﬁc methylation patterns of somatic cells. During the migration in
the genital ridge, the genomes of primordial germ cells lose
methylation until reaching the gonad. Imprinted regions arise after
another round of de novo methylation at gonadal sex determination
for the male and at assembly of primordial follicles in the female
[1,4,5].
In spite of decades of effort, genome-wide DNA methylation
patterns and underlying DNA methylation mechanisms remain
largely unknown, principally due to technical limitations and
inaccessibility of human tissues. High-throughput approaches, such; CGI, CpG island; LINE, long
ts; LTR, long terminal repeat.
.B. Soares).
ll rights reserved.as microarray hybridization, large-scale epigenomic sequencing, and
methylation-sensitive enzyme associated approaches have been
recently exploited to construct global DNA methylation landscapes
[6–8]. However, the epigenome of human germ cells is mostly
unknown. Several computational approaches have been developed to
predict global methylation patterns, albeit based on limited datasets
[9–11]. Most of these efforts have focused on the methylation
patterns of CpG islands, which are stretches of DNA with high GC
contents and unusually rich in CpG dinucleotides. In contrast to CpG
islands, which are known to be predominantly hypomethylated, most
repetitive elements are believed to be hypermethylated in somatic
tissues. Homology dependent methylation has been found to be a
mechanism which initiates de novo DNA methylation and transmits
methylation pattern in Neurospora [12]. DNA methylation has been
proposed to be a result of the interactions between homologous
DNA:DNA or DNA:RNA pairings [12,13]. Both homologous pairings
have been associated with repetitive elements, which may serve as
“way-stations” [14,15]. Since little experimental evidence has been
provided, genome-wide studies aimed at uncovering the methylation
patterns of repetitive elements are greatly needed in that they would
improve our understanding of the establishment and maintenance of
DNA methylation in vertebrates. However, the low complexity
characteristics of repeat sequences leads to cross-hybridization in
array-based experiments and to inaccurate mapping or alignment in
sequence-based approaches. Indeed, methylation studies of repeti-
tive elements are extremely challenging with current high-through-
put approaches.
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organization,methylation of cytosine leads to a high rate of cytosine to
thymine transition. Spontaneous deamination of unmethylated
cytosine to uracil occurs at a frequency as high as 100–500 events
per cell per day [16]. The hydrolytic deamination rate occurring at
methylated cytosine is two to three-fold higher than that of
unmethylated cytosine [17]. In addition, the repair of a T:G mismatch
by thymine DNA glycosylase is much less efﬁcient than the repair of a
U:G mismatch by uracil DNA glycosylase [16]. It has been estimated
that C to T (or G to A) transitions at CpG sites occur at frequencies that
are at least ten-fold higher than those of other nucleotide substitu-
tions [18–20]. Nucleotide substitutions occurring in somatic tissues
are not transmitted to the offspring. In contrast, deamination of a
methylated cytosine in germ cells constitutes a heritable mutation
that may eventually rise to polymorphic frequencies, hence resulting
in a SNP that is methylation associated. Thus, SNP data can be used to
estimate mutation rates that result from deamination of methylated
cytosines [21].
In this study, we extracted C/T and G/A SNPs occurring at CpG
dinucleotides in the human genome ([C/T]G or C[G/A]), and
developed a clustering algorithm to identify methylation associated
SNP clusters. More than 25,000 methylation associated SNP clusters
were thus identiﬁed and utilized to generate a putative DNA
methylation landscape of human germ cells. In addition, based on
the analysis of the methylation associated SNP clusters herein
identiﬁed, we propose a model for the establishment of genome-
wide DNA methylation patterns.
Results
SNP classiﬁcation and chromosome distribution
To reveal the underlying methylation information embedded in
the SNP data, we developed an approach to classify and cluster SNPs
(Fig. 1). Over 11 million RefSNP clusters were downloaded from the
NCBI SNP database [22]. 9,229,281 bi-allelic RefSNP clusters thatFig. 1. Data processing ﬂow chart for the identiﬁcation of methylation associated SNP
clusters. Detailed descriptions of each step were provided in the methods. Brieﬂy, after
downloading dbSNP database, bi-allelic SNPs were ﬁrst retrieved. SNPs that were
mapped tomore than one genomic locus were removed. The remaining unique bi-allelic
SNPswere then classiﬁed based on the types of immediate adjacent nucleotides. [C/T] or
[G/A] SNPs occurring at CpGdinucleotide siteswere identiﬁed asmethylation associated
SNPs. Adjacent SNPs occurring at the same CpG dinucleotide sitewere considered as one
methylation associated SNP in order to be consistent with the number of CpG sites that
can undergo methylation. Finally, an agglomerative hierarchical clustering algorithm
was implemented to identify genomic regions with a high density of methylation
associated SNPs, which were deﬁned as methylation associated SNP clusters.mapped unambiguously to single genomic loci were extracted for
further analysis. Among them, a total of 2,002,619 [C/T] or [G/A] SNPs
occurring at CpG dinucleotides were identiﬁed and deﬁned as
methylation associated SNPs. Considering that there are approxi-
mately 30 million CpG dinucleotides in the human genome, this
analysis indicates the average methylation associated SNP occurrence
rate be of the order of one per ﬁfteen CpG dinucleotides (one SNP per
thirty bases). This rate is ten-fold higher than the overall SNP
occurrence rate (one SNP per 300 bases). Such overrepresentation of
SNPs at CpG sites was also observed in previous genome-wide SNP
studies [23]. It is important to note that one cannot distinguish C to T
transitions as results of deamination of methylated cytosines from
those derived from normal mutation based exclusively on SNP data.
However, the former occurs at a much higher frequency. Indeed, as
mentioned above, when compared with other types of nucleotide
substitutions, C to T transitions resulting from deamination of
methylcytosines occur at a rate that is at least ten-fold higher [18–
20]. Therefore in our study,whenwe classiﬁed all [C/T] and [G/A] SNPs
occurring at CpG dinucleotides as methylation associated SNPs, we
expected that less than 10% of such SNPs were falsely predicted to be
associated with methylation.
As a ﬁrst step, distributions of CpG dinucleotides, SNPs, and
methylation associated SNPs on each chromosome were examined
(Table 1). Signiﬁcant biases were observed on chromosome Y as CpG
dinucleotideswere signiﬁcantly underrepresented. On chromosome Y,
there were only 3.8 CpG dinucleotides per kb, in contrast to the
genome-wide average of approximately 10 CpG dinucleotides per kb.
Similarly, SNPs were also underrepresented on the Y chromosome:
0.53 SNPs perkb as opposed to the average genome-wide rate of 3 SNPs
per kb. Consequently, methylation associated SNPs occur at a
particularly low frequency on the Y chromosome: 2% of the CpG sites
contain a methylation associated SNP, compared with a genome-wide
frequency of 7%. Moreover, 16% of all SNPs on chromosome Y are
methylation associated SNPs, in contrast to a genome-wide rate of 22%.
Methylation associated SNP clustering
To identify genomic regions with a high density of methylation
associated SNPs, an agglomerative hierarchical clustering algorithm
was implemented [24]. One of the most complicated problems in
clustering algorithm is to determine the number of iterations to
execute. Also challenging in this particular case was to decide the
number of methylation associated SNPs to be in a cluster. Unfortu-
nately, no existing experimental data can be used to justify the
requirements to deﬁne a “way-station” in terms of the density of
methylated CpG dinucleotides and the length of the region. We
identiﬁed approximately two million methylation associated SNPs in
the human genome, with an occurrence rate of one in 1500 bases on
average. To ensure a high density of methylation associated SNPs, we
arbitrarily stopped clustering iterations at 20 with 537 bp as the
maximum spacing between methylation associated SNPs within a
cluster. We further required that methylation associated SNP clusters
contain at least six methylation associated SNPs. As a result, the
methylation associated SNP clusters deﬁned in our study had a three-
fold enrichment for methylation associated SNPs compared to the
average level in the human genome.
After 20 clustering iterations, 1,189,794 clusters of methylation
associated SNPs had been generated. Among them, 25,379 clusters
(2.1%) encompassed six or more methylation associated SNPs,
representing over 17.8% of all methylation associated SNPs. These
25,379 clusters were deﬁned as methylation associated SNP clusters
(Supplementary table). As discussed above, we assumed that less than
10% of the methylation associated SNPs might not be associated with
cytosine methylation at CpG dinucleotides. Therefore, the statistical
likelihood decreases exponentially for having more methylation
associated SNPs falsely predicted within a methylation associated
Table 1
Chromosomal distribution of CpG dinucleotides, SNPs, and methylation associated SNPs
Chromosome Length #CpG #SNP #MAS #SNP/kb #CpG/kb (MAS/CpG)% (MAS/SNP)%
chr1 247,249,719 2,353,526 741,813 163,435 3.0 9.5 6.9 22.0
chr2 242,951,149 2,224,569 700,316 149,521 2.9 9.2 6.7 21.4
chr3 199,501,827 1,676,527 576,956 119,126 2.9 8.4 7.1 20.6
chr4 191,273,063 1,519,846 601,601 123,065 3.1 7.9 8.1 20.5
chr5 180,857,866 1,557,854 527,660 111,724 2.9 8.6 7.2 21.2
chr6 170,899,992 1,528,917 604,507 126,485 3.5 8.9 8.3 20.9
chr7 158,821,424 1,610,313 501,346 110,112 3.2 10.1 6.8 22.0
chr8 146,274,826 1,347,064 452,802 93,384 3.1 9.2 6.9 20.6
chr9 140,273,252 1,266,000 413,334 88,432 2.9 9.0 7.0 21.4
chr10 135,374,737 1,399,912 464,477 106,108 3.4 10.3 7.6 22.8
chr11 134,452,384 1,332,611 460,828 96,512 3.4 9.9 7.2 20.9
chr12 132,349,534 1,316,005 432,350 94,011 3.3 9.9 7.1 21.7
chr13 114,142,980 834,111 335,159 70,518 2.9 7.3 8.5 21.0
chr14 106,368,585 885,955 269,371 59,251 2.5 8.3 6.7 22.0
chr15 100,338,915 895,041 259,078 57,455 2.6 8.9 6.4 22.2
chr16 88,827,254 1,126,745 289,297 65,717 3.3 12.7 5.8 22.7
chr17 78,774,742 1,180,638 240,508 61,611 3.1 15.0 5.2 25.6
chr18 76,117,153 701,407 247,412 53,940 3.3 9.2 7.7 21.8
chr19 63,811,651 1,079,315 194,181 52,453 3.0 16.9 4.9 27.0
chr20 62,435,964 740,005 257,324 52,682 4.1 11.9 7.1 20.5
chr21 46,944,323 385,256 135,372 30,187 2.9 8.2 7.8 22.3
chr22 49,691,432 593,512 160,595 41,068 3.2 11.9 6.9 25.6
chrX 154,913,754 1,272,946 320,086 58,817 2.1 8.2 4.6 18.4
chrY 57,772,954 220,649 30,818 4915 0.5 3.8 2.2 15.9
Genome 3,080,419,480 29,048,724 9,217,191 1,990,529 3.0 9.4 6.9 21.6
CpG: CpG dinucleotide site; MAS: methylation associated SNP; (MAS/CpG)%: the total number of methylation associated SNP to the total number of CpG sites on each individual
chromosome, this ratio can also be viewed as percent of CpG dinucleotide sites that have at least one MAS within the sites; (MAS/SNP)%: percent of unique bi-allelic SNPs that are
methylation associated.
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one ormore false-positivemethylation associated SNP clusters, among
total 25,379 clusters, is 0.025. Themethylation associated SNP clusters
identiﬁed represent 1.1% of the human genome in length and comprise
779,924 CpG dinucleotides (2.7% of all CpG dinucleotides in the
genome). The longest methylation associated SNP cluster contained
1096 methylation associated SNPs, and spanned more than 27 kb. The
shortest methylation associated SNP cluster encompassed 6 methyla-
tion associated SNPs and it was 17 bp in length, consisting of a simple
repeat: (CpG)n. Interestingly, most of the long clusters localized to
heterochromatin, near centromeres and telomeres (http://cmbteg.
childrensmemorial.org/cgi-bin/gbrowse/methland/).
Contributions of repetitive elements to methylation associated
SNP clusters
Methylation patterns of human germ cells are still largely
unknown. DNA methylation is known to be a dynamic process during
development [4,25–27]. Since DNA methylation is an important
mechanism to suppress transcription and transposition of repetitive
elements [28,29], their methylation levels are known to be higher
than that of non-repetitive DNA [30]. However, in the early embryonic
stage, repetitive elements are subject to signiﬁcant loss of DNA
methylation, yet are not completely unmethylated at any time point
[4,27,31].
To dissect the nature of the genomic regions rich in methylation
associated SNPs, we calculated the contributions of repetitive
elements tomethylation associated SNP clusters. For eachmethylation
associated SNP cluster, we identiﬁed the regions overlapping with
various kinds of repeats, including long interspersed nuclear elements
(LINEs), short interspersed nuclear elements (SINEs), long terminal
repeats (LTRs) and satellite DNA. These repeats are documented in the
repeat masker table that can be downloaded from the UCSC databases.
For all methylation associated SNP clusters, the sums of the length
contributions by different repeat families were calculated. Overall,
repetitive elements account for over 43.5% of the human genome and
49.4% of methylation associated SNP clusters in length (Fig. 2a).
Among major repeat families, satellite DNA is the one that is enrichedthe most in methylation associated SNP clusters, with a three-fold
overrepresentation. Since most satellite DNA repeats localize to
centromeres and to other heterochromatic regions, its enrichment
in methylation associated SNP clusters is not surprising. Compared to
their representations in the genome, LINE and LTR repeats were
enriched in methylation associated SNP clusters by 24% and 31%,
respectively. SINEs, on the other hand, contributed slightly less to
methylation associated SNP clusters. In germ cells, Alu elements, one
of the major SINE families, are protected from DNA methylation, and
thus remain unmethylated, by the binding of a sperm-speciﬁc protein
[32]. This could explain the observed representations of SINEs in
methylation associated SNP clusters and in the genome.
Besides highly abundant repeats, numerous other sequences have
been found to occur more than once in the genome, such as segmental
duplications and simple repeats [33]. Segmental duplications are
deﬁned as non-unique sequences over 1 kb in length, whereas simple
repeats are composed of various copies of motifs that range from 5 to
400 bp [34,35]. An alignment algorithm allowing large gaps has been
developed to reveal duplicated sequences in the genome [33]. An
alignment of the human genome sequence to itself has been
performed with such an algorithm, and the results were stored in
the “Self Chain” table of the UCSC genome database. In our study, we
further determined the representation of these elements in methyla-
tion associated SNP clusters. We identiﬁed 2687 “repeat-free”
methylation associated SNP clusters, which are the methylation
associated SNP clusters that do not overlap with any repetitive
elements documented in UCSC's repeat masker table. We compared
the length representations of “Self Chain” aligned sequences, i.e.
segmental duplications and tandem repeats, in the genome, in
methylation associated SNP clusters and in “repeat-free” methylation
associated SNP clusters. After masking out transposon repeats, 30% of
the human genome sequence was found to occur more than once in
the genome. Interestingly, these “Self Chain” aligned sequences are
signiﬁcantly more prevalent in methylation associated SNP clusters
and in “repeat-free”methylation associated SNP clusters, at 50.4% and
67.2% respectively (Fig. 2b). The length contribution of segmental
duplications increased from 5% in the genome to 16.8% in methylation
associated SNP clusters and to 19.5% in “repeat-free” methylation
Fig. 3. The percentage of all SNPs or of all CpG sites which are methylation associated
SNPs was calculated and compared for MASCs, AluY/S, and CGI. (a) Within regions of
methylation associated SNP clusters, AluY/S elements and CpG islands, the proportion of
methylation associated SNPs to the number of all unique bi-allelic SNPs (MAS/SNP, light
blue) and to the number of CpGdinucleotide sites (MAS/CpG, dark blue)were calculated,
and compared among these regions. (b) The proportion of methylation associated SNPs
in AluY/S elements correlated with the spatial distances of these elements to either
methylation associated SNP clusters or CpG islands. The proportion of methylation
associated SNPs on each AluY/S element was normalized to the number of CpG
dinucleotide sites within this AluY/S element, and further plotted against the spatial
distances from this AluY/S element to either the most adjacent methylation associated
SNP cluster (blue) or the most adjacent CpG island (purple). MAS: methylation
associated SNP; MASC: methylation associated SNP clusters; CGI: CpG island.
Fig. 2. Genomic composition of methylation associated SNP clusters. (a) Relative
representations of repeats in MASCs (blue) and in the genome (yellow). Percentage
were determined based on total sequence length of repeats in MASCs and in the whole
genome. (b) Relative representations of other repeats (chained self alighments,
segmental duplications, and simple repeats) in MASCs (blue), rf-MASCs (purple,
“repeat-free”MASCs), and in the genome (yellow). Percentage were determined based
on total sequence length of repeats in MASCs and in the whole genome. MASCs:
methylation associated SNP clusters identiﬁed in this study; rf-MASCs: methylation
associated SNP clusters that do not overlap with the repetitive elements recorded in the
repeat masker tables from UCSC. ⁎⁎⁎: binomial proportions test, pb0.0001.
437H. Xie et al. / Genomics 93 (2009) 434–440associated SNP clusters. The length contribution of simple repeats
increased from 1.8% in the genome to 6.3% in methylation associated
SNP clusters and to 14.2% in “repeat-free”methylation associated SNP
clusters.
Methylation associated SNPs: distribution in methylation associated SNP
clusters, CpG islands and AluY/S elements
Enriched in CpG dinucleotides, most CpG islands are believed to
remain hypomethylated, and thus enable expression of their neigh-
boring genes [36]. Recently, AluY/S elements were shown to be
enriched at the junction of hypermethylated and hypomethylated
genomic regions [37]. Methylation associated SNP clusters, on the
other hand, may serve as genome “way-stations”. To test this idea, we
compared the occurrences of methylation associated SNPs in
methylation associated SNP clusters, AluY/S elements, and CpG
islands. For such comparison, we counted the number of methylation
associated SNPs, all bi-allelic SNPs, and that of CpG dinucleotides in
methylation associated SNP clusters, AluY/S elements and CpG
islands. The numbers obtained from this analysis were normalized
against the total number of SNPs and the total number of CpG
dinucleotides. For methylation associated SNP clusters, 45.5% of all bi-
allelic SNPs were methylation associated SNPs. This number dropped
to 33.2% for AluY/S elements, and dropped even further to 27.5% forCpG islands. In terms of the percentage of CpG dinucleotides
associated with methylation associated SNPs, signiﬁcant differences
were also observed. In methylation associated SNP clusters, approxi-
mately 23.6% of CpG dinucleotides were associated with methylation
associated SNPs, in contrast to 3.7% and 1.5% in AluY/S elements and in
CpG islands, respectively (Fig. 3a). It has been proposed that DNA
methylation spreads linearly from hypermethylated regions to
adjacent sequences [38]. The different distribution of methylation
associated SNPs in methylation associated SNP clusters, AluY/S
elements and CpG islands may suggest that in germ cells, methylation
associated SNP clusters can initiate DNA methylation and spread it to
adjacent genomic regions during development. Methylation levels
drop during the spreading process. There are 37,729 CpG islands in the
human genome, as identiﬁed by the program provided by Takai et al.
[39]. However, only 1848 of them (4.9%) were found to overlap with
methylation associated SNP clusters. This suggests that most CpG
islands and methylation associated SNP clusters are distinct entities
with different roles. Further analysis of these 1848 CpG islands
revealed that 830 (44.9% of 1848) localizewithin 5Mb of chromosome
termini. Recent analysis of the distribution of CpG islands in the
human genome demonstrated an increased density of CpG islands in
subtelomeric regions [40], which are known to be heavily methylated
[41,42]. In addition, the high density of CpG islands in subtelomeric
regions was found to be positively correlated with DNA recombination
438 H. Xie et al. / Genomics 93 (2009) 434–440rate [40]. Our results are consistent with these previous ﬁndings and it
would be interesting to investigate how homologous DNA pairings
direct DNA recombination and methylation in subtelomeric regions.
To further determine the methylation inﬂuence of methylation
associated SNP clusters and CpG islands on adjacent sequences, we
compared the ratio of methylation associated SNPs to the number of
CpG dinucleotides in AluY/S elements close to methylation associated
SNP clusters and in AluY/S elements close to CpG islands (Fig. 3B).
Indeed, this ratio was higher in AluY/S elements closer to methylation
associated SNP clusters, and it decreased in AluY/S elements closer to
CpG islands. This correlation is more signiﬁcant over short distances
(b1 kb), and declines when the distance is over 2 kb. This indicates
that the chance for occurrence of a methylation associated SNP in a
CpG dinucleotide is dependent upon its distance to a hypomethylated
CpG island or to a hypermethylated methylation associated SNP
cluster. This result is consistent with the signiﬁcant co-methylation
effect over short distances observed from large-scale epigenomic
sequencing studies [43]. It also suggests that the prevalence of Alu
elements in the genome might be of functional signiﬁcance, in that it
might buffer the spread of methylation from methylation associated
SNP clusters and thereby protect CpG islands from methylation.
Functional perspectives for methylation associated SNP clusters
In addition to the genes associated with CpG islands, some genes
with low CpG density in their promoter regions may also be subject to
transcriptional control through DNA methylation [43]. This has been
recognized as one of the most signiﬁcant ﬁndings of the human
epigenome project. Given the observed co-methylation effect that
methylation associated SNP clusters exert on adjacent sequences; it is
conceivable that they may also play a role in the regulation of gene
expression. Therefore, we searched for genes having methylation
associated SNP clusters in proximity to their transcriptional starting
sites, to further explore the functional aspects of methylation
associated SNP clusters.
Based on the genome coordinates of known genes obtained from
the UCSC genome database, we identiﬁed the genes whose transcrip-
tional start sites located within the ﬂanking ±1 kb of the methylation
associated SNP clusters. A total of 1193 genes were found tomeet such
criterion. Using DAVID GO classiﬁcation, 908 distinct DAVID IDs were
identiﬁed and analyzed. Out of 328 GO categories, six GO categories
were found to be with p-valueb0.001. More than 18.6% of these genes
were found to be involved in the same biological process: “response to
stimulus” (Table 2). This bias was signiﬁcant with a p-value of 8.3ETable 2
A signiﬁcant bias was observed in the GO classiﬁcation of genes whose promoters were
located within 1 kb range of methylation associated SNP clusters
GO term (Level 1) GO term (Level 2) Number
of genes
%Genes p-value
Response to stimulus Response to stress 88 9.7 1.2E−11
Response to
biotic stimulus
92 10.1 3.6E−09
Response to
external stimulus
45 5.0 2.9E−07
Response to abiotic
stimulus
41 4.5 3.5E−07
Behavior 20 2.2 1.4E−04
Physiological process Organismal physiological
process
163 18.0 2.4E−14
Regulation of
biological process
Positive regulation of
biological process
43 4.7 1.9E−04
A total of 1193 genes were identiﬁed whose promoters were located within 1 kb
upstream or downstream frommethylation associated SNP clusters. They corresponded
to 908 distinct DAVID IDs and were subjected to GO classiﬁcation analysis. The top two
levels of GO categories in biological processes with a p-valueb0.001 were shown. Gene
classiﬁcation enrichment analysis was performed with the online functional annotation
tool (http://david.abcc.ncifcrf.gov/).−13. This result suggests that immune response genesmay be blocked
from expression in germ cells.
Discussion and conclusions
In this study, we utilized publicly available SNP data to infer the
status of DNA methylation of CpG dinucleotides in human germ cells.
We explored an approach to cluster methylation associated SNPs and
predicted amethylation landscape for human germ cells. At least three
factors might contribute to the presence of methylation associated
SNPs: neighboring DNA context, natural selection, and evolution time.
Since our study was based on the public SNP data, the accuracy and
completeness of the SNP data would affect our approach. For instance,
currently dbSNP provides a distinct category “Clinical/LSDB variation”
for mutation submission, but some early disease-driven studies might
have included somatic mutations in disease genes as common
variations and hence created biases in SNP distributions. Furthermore,
we were not able to distinguish the different methylation statuses of
male and female germ cells, except for the Y chromosome. In addition,
the methylation pattern we predicted does not correspond to any
speciﬁc time point during germ cell development, but rather reﬂects
the sum of the methylation statuses of germ cells from one generation
to the next. Although these limitations could not be avoided,
interesting observations were made in our study.
We observed a signiﬁcant bias on the distribution of methylation
associated SNPs in the genome. Using agglomerative hierarchical
clustering, we determined 25,379 genomic regions enriched with
methylation associated SNPs, hence coined methylation associated
SNP clusters. Along with satellite DNA, LINE, and LTR, segmental
duplications and short tandem repeats were found to be enriched in
methylation associated SNP clusters. In contrast to the scarceness of
methylation associated SNPs in CpG islands, the abundance of
methylation associated SNPs in methylation associated SNP clusters
suggested that these genomic regions were likely to be hypermethy-
lated in germ cells. AluY/S elements have been found to enrich at the
junction of hypermethylated and hypomethylated genomic regions. In
our study, we found that the occurrence rates of methylation
associated SNPs in AluY/S elements correlated with their relative
distances to adjacent methylation associated SNP clusters or CpG
islands. This correlation suggests the different methylation potentials
surrounding methylation associated SNP clusters or CpG islands, and
supported the hypothesis of a spreadingDNAmethylationmechanism.
DNA methylation has been proposed to initiate from homology-
dependent DNA:DNA or DNA:RNA pairing. Although the mechanism
underlying de novo DNA methylation remains unclear in mammals,
the long stretches of homologous sequences on segmental duplica-
tions would facilitate DNA:DNA pairing. Simple repeats are often
organized in tandem head-to-tail arrays. Such tandem DNA repeats
have beenwidely recognized as key DNA structures in the initiation of
DNA methylation. Much experimental evidence has been provided in
other species, such as Arabidopsis thaliana and Neurospora crassa
[12,44]. In mammals, tandem repeats have been hypothesized to act
as methylation centers initiating/maintaining DNA methylation
during the establishment of allele-speciﬁc methylation patterns at
imprinted loci [45]. A recent bioinformatics study revealed that
tandem repeat arrays are enriched in the CpG islands of imprinted
genes [46]. In addition, growing experimental evidence demonstrate
that DNA:RNA pairing may occur through siRNAs derived from short
tandem repeats and from satellite DNA [44,47].
In our study, we found that segmental duplications and simple
repeats are enriched in methylation associated SNP clusters. We
further demonstrated that a higher proportion of SNPs showed
evidence of methylation in Alu elements closer to methylation
associated SNP clusters than those closer to CpG islands. Thus,
through the combination of homology dependent methylation and
linear methylation spreading, the methylation associated SNP clusters
439H. Xie et al. / Genomics 93 (2009) 434–440could serve as methylation “way-stations” and play key roles in the
establishment of genome-wide methylation patterns.
As a summary of our ﬁndings, we propose a model for de novoDNA
methylation during germ cell development. Global loss of DNA
methylation is likely to result in de-repression of transcription of a
number of SINEs, LINEs and LTRs that are still transcriptionally
competent. In addition, siRNAs may be derived from satellite and
tandem repeats. These transcripts may enable initiation of DNA
methylation by homology-dependent pairing, which would in turn
shut down their expression and thus maintain the stability of the
genome. The loss of genome methylation at early stages of germ cell
development may also provide a relaxed DNA structure to allow DNA:
DNA pairing of long homologous sequences, such as segmental
duplications. Thus, methylation associated SNP clusters may assist in
the establishment of DNAmethylation patterns in the human genome.
We hypothesize that this might occur through DNA:DNA pairings and
DNA:RNA pairings, which would initiate DNAmethylation followed by
linear spreading. Historically, the global methylation studies in
embryonic and germ cell development were focused on the under-
standing of methylation alterations of abundant repetitive elements.
Our study suggests that the generation of developmental methylation
proﬁles of segmental duplications and tandem repeats could be
essential for the understanding of the establishment of genome
methylation patterns.
Methods
Extraction and classiﬁcation of single nucleotide variations
Annotations of human SNPs were downloaded from NCBI (ftp://
ftp.ncbi.nih.gov/snp/organisms/human_9606/). There were over 31
million SNPs in the human SNP database (dbSNP build127), clustered
into 11,811,594 RefSNP clusters by dbSNP. By excluding other genome
variations, we extracted strict single nucleotide polymorphisms
mapped to single positions in the genome. A total of 9,229,281 unique
bi-allelic RefSNP clusters were selected in this study. To classify each
SNP, nucleotide bases immediately next to a SNP were determined.
2,002,619 [C/T]G or C[A/G] SNPs were considered as methylation
associated SNPs. In order to match with CpG dinucleotides in the
genome, only one record was retained for two immediately adjacent
methylation associated SNPs occurring at the same CpG dinucleotides.
A total number of 1,990,529 methylation associated SNPs were
selected for further analysis.
Agglomerative hierarchical clustering
An agglomerative hierarchical clustering algorithm was applied to
build a hierarchy from each individual methylation associated SNP by
progressive clustering and merging. Based on a previously described
procedure [24], we implemented the algorithm as described below.
We started with the methylation associated SNPs as aforementioned
identiﬁed. Each methylation associated SNP was considered as a
single cluster in the initial step. In successive iteration cycles, the
distances between adjacent clusters were calculated. Only the top 5%
closest cluster-pairs were merged in the next cycle. Thus, the spacing
threshold for each iteration cycle was determined based on the pair-
wise cluster distances calculated in the previous iteration cycle. The
recursive iteration was arbitrarily concluded after twenty cycles.
Within a cluster, the maximum spacing between two adjacent
methylation associated SNPs was 537 bp. The clustering process
was repeated using 537 bp as the spacing cutoff until convergence
was achieved. Clusters with six or more methylation associated SNPs
were selected, and further merged if the spacing between two
adjacent clusters was less than the length of the shorter cluster. The
genomic region encompassed by each methylation associated SNP
cluster was deﬁned by the genomic coordinates of the ﬁrst and thelast methylation associated SNPs of the cluster. Software implementa-
tion for the algorithm can be obtained from the authors upon request.
Repeat composition of methylation associated SNP clusters
Human genome sequence data and annotations for repetitive
elements, segmental duplications and known genes were obtained
from the UCSC Genome Database (hg18, March 2006; http://
genome.ucsc.edu/) [48]. Perl scripts were written to determine the
repeat composition of methylation associated SNP cluster based on
the coordinates of repetitive elements and the methylation associated
SNP cluster.
Comparison of methylation associated SNP cluster with CpG island
and AluY/S
CpG islands were identiﬁed with the program provided by Takai et
al. [39]. The program (CpGi130; http://cpgislands.usc.edu) was
downloaded and executed to identify CpG islands on the human
genome with the default settings (GC content≥55%, ObsCpG/
ExpCpG≥0.65, and length≥500 bp). AluY/S was used to represent
the AluS and AluY elements (including young AluY) with a minimum
length of 250 bp. Based on the UCSC annotation, a total number of
697,383 AluY/Swere identiﬁed in the human genome. The distances of
AluY/S to most adjacent methylation associated SNP clusters and CpG
islandswere determined as the spatial distances from themiddle point
of AluY/S to the closer edge of the corresponding methylation
associated SNP clusters or CpG islands. For AluY/S elements residing
within methylation associated SNP clusters or CpG islands, the spatial
distances were set to zero. The local density of methylation associated
SNPs in a given genomic region was represented by two ratios: the
ratio of the number of methylation associated SNPs to the number of
total SNPs in this region, and the ratio of the number of methylation
associated SNPs to the numberof CpGdinucleotides in this region. Both
the genomic sequence and SNPdata from theUCSCdatabasewereused
to determine the maximum number of CpG dinucleotides occurring in
a given methylation associated SNP cluster, AluY/S or CpG island.
Classiﬁcation of genes located close to methylation associated
SNP clusters
The coordinates of putative transcriptional start sites for known
genes were extracted from UCSC annotation database. Genes with a
putative transcriptional start site within 1 kb distance of the
methylation associated SNP clusters were determined with a perl
script, and subjected to gene ontology analysis with DAVID [49]. The
top two levels of GO terms in the biological processes were used, and
the GO categories with p-valueb0.01 were examined.
Data integration and access
A MySQL relational database was designed and implemented to
enable the integration of methylation associated SNP clusters with
SNPs, genes, CpG islands, Alu elements and several genome-wide
methylation datasets. On top of the database, a genome browser was
developed to allow synchronic visualization of genetic/epigenetic
features (http://cmbteg.childrensmemorial.org/cgi-bin/gbrowse/
methland/). The genome browser installed locally was derived from
the building blocks provided by The Generic Model Organism System
Database Project (GMOD) [50].
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